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Chapter 1: Introduction  

1.1 Need for renewable energy 

The increase in industrialization and rapid growth in human population is envisaged to 

intensify the demand for energy in the near future by a significant proportion. The 

primary source of energy fossil fuel (coal, oil, and natural gas), which accounted for 

66.7% of the world energy consumption has been predicted to exhaust in supply sooner 

or later (Fig. 1.1) [1].
 
Also, the primary source of energy does produce carbon dioxide 

(CO2), which has been identified as the main cause of global warming [2, 3, 4].
 
 

 

 

 

 

 

 

 

 

 

 

Fig. 1.1 2014 World energy consumption for electricity generation by the International 

Energy Agency (IEA, 2016) [5]. 

According to Fig. 1.1, nuclear power accounted for 10.6% of the world energy 

consumption. Nuclear power can also provide large-scale electricity generation. 

However, it has been proven to be extremely dangerous and hazardous. Clean and 

renewable energy such as the wind energy, biomass energy, geothermal energy, ocean 

energy, solar energy, and hydro power has gained significant attention as an outstanding 

candidate for the future power generation. These renewable energies are considered as 
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the best substitutes for primary energy because they are environmentally benign and 

abundant. Among the renewable energy sources, solar energy is the most promising 

because of its enormous theoretical and technical potential for its use [6,7,8,9].
 
The 

amount of energy from sunlight striking the earth in 1 hour is about 4.3 x 10
20

 J, which 

is higher than all of the energy currently consumed on the planet in one year (4.1 

x10
20

J), yet human only utilizes a small fraction of this infinite solar resources [10, 11]. 

 

1.2 Solar Cells 

A solar cell or photovoltaic device is required to capture a substantial amount of energy 

from the sunlight incident on the surface of the earth and convert it into electricity. Over 

the past four decades, various solar cells have been intensively investigated and used for 

solar energy conversion as shown in Fig. 1.2. Solar cells are broadly divided into two 

main groups (Inorganic and Organic solar cells). The prototype inorganic solar cell is a 

silicon-based P-N junction [12].
 
There are various forms of silicon solar cells and is by 

far the most extensively used solar cells.  The single crystalline silicon solar cells are 

usually better than the polycrystalline silicon solar cells. As shown in Fig. 1.2 the single 

crystalline silicon solar cell has reached an efficiency of 27.6%. The GaAs solar cells 

have equally shown an unprecedented rise in efficiency (29.3%) rivaling that of the 

single crystalline silicon solar cell. The highest efficiency of over 40% has been 

achieved by the multi-junction GaAs solar cells. However, solar cells based on 

crystalline silicon and GaAs materials are expensive owing to their high production cost. 
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Fig. 1.2 Efficiency chart of solar cells over time. Adapted from the National Renewable 

Energy Laboratory (NREL) [13]. 

In order to reduce the production cost of crystalline silicon solar cells, various 

thin-film technologies such as copper indium gallium diselenide (CIGS), cadmium 

telluride (CdTe), and amorphous silicon have been developed. The CIGS and CdTe 

have achieved efficiency of 22.6% and 22.1%, respectively. These efficiencies are 

attractive and comparable to those of silicon solar cells. Also, the amorphous silicon 

solar cell which suffers from degradation under illumination achieved an efficiency of 

about 14.0% (Fig. 1.2) [9].
 
Emerging photovoltaics such as dye-sensitized solar cells 

(DSSCs), organic solar cells, polymer solar cells, quantum dot solar cells and perovskite 

solar cells (PSCs) have gained considerable attention.This is because they can be 

fabricated using solution-process, assembled using low-cost materials, and fabricated by 

cost-e ective methods. These merits make them to be a very promising renewable 
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energy technologies. However, DSSCs, quantum dot solar cells, and organic solar cells 

usually suffer from poor stability and efficiencies making them inferior to that of the 

crystalline silicon solar cells. In recent years, organic-inorganic hybrid halide 

perovskites have attracted much attention from the solar cells researchers, after it was 

first used as a light-absorbing material in a DSSC structure by Kojima and co-worker in 

2009. With a certified efficiency of 22.1%, PSCs performance can be comparable to that 

of the CIGS and the traditional single crystalline silicon solar cells.  PSCs have the 

potential to surpass the crystalline silicon solar cells regarding efficiency, cost, and 

stability and equally compete with the energy generated from fossil fuels. However, 

intensive research is still needed to solve some of the PSCs major drawbacks such as 

non-uniform film morphology, current-voltage hysteresis, Lead (Pb) toxicity, and 

stability. 

 

1.2.1 Operation principle of Solar Cell  

In any solar cell, the light to electricity conversion process can be broken down into the 

following steps: 

¶ Generation of electron-hole pairs or excitons in the absorber material due to 

absorption of photons.  

¶ The excited charge carriers (electron-hole pairs) are separated and moved 

towards the contact electrodes. 

¶ The separated charge carriers are collected by the electrodes, where the electron 

flows through the external circuit before recombining with the hole.  

 

Notably, the typical solar cell technology in use today is based on pïn junctions with p- 

and n-doped crystalline silicon as light absorber material. Fig 1.3 shows the energy 

diagram of a silicon solar cell pïn junction in equilibrium. The energy diagram 

explains the basic working principles of electron-hole separation in the corresponding 

solar cell. As it can be seen in Fig. 1.3, the electron in the valence band is excited into 

the conduction band when a photon with energy higher than the band gap is absorbed. 

The photo-excited charge carriers are separated, the hole diffuses to the metal contact, 
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and the electron is swept across the junction by a strong built-in electric field and 

collected by the metal electrode.
12, 14)

  

 

 

 

 

 

 

 

Fig. 1.3 Energy diagram of a silicon solar cell pïn junction [14]. (Ec, Ev, and EF 

represent the conduction band, valence band, and Fermi energy level, respectively. 

While hv is the photon, where h is Planck's constant (J.s) and v is the frequency of the 

light (Hz)) 

 

1.2.2 Electrical Characterization of Solar Cells 

Since solar cell converts light energy into electricity, the performance of the solar cell 

should be evaluated using electrical measurement. The most common characterization 

methods are the light and dark current-voltage (I-V) and quantum efficiency (QE) or 

incident photon-to-electron conversion efficiency (IPCE). These methods will be 

discussed in more detail hereafter.  

 

1.2.3 Solar Spectral Irradiance 

To accurately compare the I-V performance result of various types of solar cells, same 

measuring procedures should be followed. This is because the solar cell I-V 

performance depends on several parameters, such as weather (cloud cover, rain, snow, 

temperature), the time of the day (day, night), the time of the year (summer, winter), the 

incident light intensity, and the spectral intensity distribution of the incident light [9,15]. 

Considering that the spectral intensity distribution of the sunlight on the surface of the 

earth depends on several parameters, solar cell scientists and engineers have agreed to 

measure the I-V curves under defined illumination conditions [15].
 
Fig. 1.4a shows the 

schematic illustration of the air masses AM 0, AM 1.0, and AM 1.5. Fig. 1.4b presents 

the schematic illustration of the spectral distribution geometry. The normal of the 
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receiving surface is tilted by an angle t, towards the equator. ɗ is the angle between the 

ground normal and the sun at zenith, which is used to calculate the AM as the inverse of 

cos (ɗ). The spectrum obtained after transmitted through a particular air mass is usually 

described by the abbreviation AM followed by a numeric figure [9]. As it can be seen in 

Fig 1.4a, outside the atmosphere of the earth, the solar spectrum has a deýned spectral 

intensity distribution. This extra terrestrial spectrum is called the AM 0 spectrum 

according to American Society for Testing and Materials (ASTM) E4900-00 standard, 

and the solar constant is 1366.1 Wm
-2

 [9].
 
The least possible distance which the light 

has to pass through the atmosphere to approach the surface of the earth is at the equator, 

is termed AM 1.0 (Fig. 1.4a). 

 

 

 

 

 

 

 

 

 

Fig. 1.4 (a) Schematic illustration of the air mass; AM 0, AM 1.0, and AM 1.5, (b) 

schematic illustration of the spectral distribution geometry depicting the earth, the sun, 

tilted angle t, and ɗ. The normal to the tilted surface is n. Note these figures are not 

drawn to scale, and it is just for illustration. Since the sun is larger than the earth the 

incident light area that showers the earth can be considered as planar (Fig. 1.4b). Note 

that the concept of these drawings is based on reference [9, 16].
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Fig. 1.5 Solar irradiation spectra of AM 0, AM 1.5G, and AM 1.5 D according to 

ASTM standard. 

 

Fig. 1.5 shows the solar spectral irradiance versus wavelength of AM 0, AM 

1.5G and AM1.5D. The AM 1.5G (where G stands for the Global standard by ASTM 

G173) spectrum has been chosen as the most widely accepted standard to measure solar 

cell performance data [15].
 
This spectrum corresponds to speciýc angular orientations, 

where the sun is located at an angle of about 48.2° with reference to the zenith, and 

where the surface normal of the solar cell forms an angle of 37° with reference to the 

zenith (Fig. 1.4b) [15,16]. AM 1.5G has a total power of 1000 W/m
2 
which is obtained 

by integration. The AM 1.5 spectrum is also known as AM 1.5D where D stands for 

direct, and circumsolar, which is the easiest spectrum to achieve reproducibly. The AM 

1.5D is obtained merely when viewing the sun through a circular aperture with an 

opening angle of 5.8°, i.e., the sun is at the center of the aperture. The sunlight that is 

obtained through such an aperture includes the irradiance from solar disk together with 

irradiation from the corona. AM 1.5D spectrum has a total power of 901W/m
2 

which 

can be obtained by integration [9]. 
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1.2.4 Equivalent Circuit  of Solar Cell 

Usually, a solar cell behaves like a diode when measured in the dark. Therefore, for an 

ideal pïn junction solar cell, the dependence of the current density on voltage is given 

by the Shockley diode equation [15, 17]. 

 

ὐ6 ὐÅØÐ
Å6

Ë4
ρ                                                               ρȢρ 

 

where e is the elementary charge (C), V is the applied voltage (V), kB is the Boltzmann 

constant (J.K
-1

), T is the temperature (K), and J0 is the reverse saturation current density 

(A/cm
2
), i.e., the current density passing through the diode when a relatively high 

reverse bias is applied. Fig. 1.6 shows the equivalent circuit diagram of a solar cell, 

where a constant-current source is in parallel with the junction. Jph is photocurrent 

density generated under illumination (A/cm
2
). Rsh and Rs are the parasitic shunts and 

series resistances (Ý), respectively. The Rsh can be determined from the slope of the 

current densityïvoltage (JïV) curve near the short-circuit current density point. While 

Rs can be extracted from the slope of J-V curve at the open circuit voltage point. In an 

ideal solar cell, the value of Rsh and Rs are respectively infinity and zero. 

 

 

 

 

 

 

 

 

Fig. 1.6 Equivalent circuit diagram of a typical silicon solar cell with a single diode 
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From the equivalent circuit above, the expression for the current density J is shown in 

equation 1.2 

 

ὐ ὐ ὐ ὐ                                                                                 ρȢς 

Where JD is the diode current density, and Jsh is the current density lost due to Rsh. For a 

single diode model, JD can be estimated using the Shockley equation of an ideal diode 

shown in equation 1.3 

 

ὐ ὐÅØÐ
Ὡὠ ὐὙ

ὲὯὝ
ρ                                                           ρȢσ 

 

Herein, n represents the diode ideality factor. For an ideal diode n=1. Therefore, if we 

substitute equation 1.3 into equation 1.2, the equation becomes: 

 

ὐ ὐ ὐÅØÐ
Ὡὠ ὐὙ

ὲὯὝ
ρ ὐ                                         ρȢτ 

 

Equation 1.4 can be further expressed as: 

 

ὐ ὐ ὐÅØÐ
Ὡὠ ὐὙ

ὲὯὝ
ρ

ὠ ὐὙ

Ὑ
                               ρȢυ 

 

Equation 1.4 &1.5 can be used to analyze the experimental JïV curves of a typical pïn 

junction, organic and hybrid solar cells under solar irradiation [15]. Several parameters 

can be deduced from the JïV curve under illumination, which will be discussed in more 

detail hereafter. 
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1.2.5 Current -Voltage Characteristics 

The measurement of IïV is one of the simplest methods to evaluate the performance of 

solar cells. The light and dark measurements of the IïV curves can be conducted by 

applying a bias voltage between the contacts of the solar cell. The measured dark IïV 

curve can give information about the charge conduction in the device.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.7 JïV characteristics of a typical PSC showing different measuring conditions 

(under illumination, and in the dark). The power density is obtained by multiplying the 

voltage by the current density. 

 

Whereas, from the illuminated JïV curve, parameters such as maximum power (Pmax), 

the short-circuit current density (Jsc), open-circuit voltage (Voc), and Fill Factor (FF) can 

be deduced. Thus, the power conversion efficiency (PCE) can be determined from these 

parameters. Fig. 1.7 shows the JïV curves of a typical PSC measured under illumination 

with simulated sunlight (AM 1.5 G, 100 mW/cm
2
). 
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1.2.6 Short-circuit current density  

The Jsc is the current that flows through the external circuit when the electrodes of the 

solar cell are short-circuited [18]. In other words, Jsc is the current density generated 

when the solar cellôs applied voltage is zero (i.e., no current is injected by an external 

voltage source) under illumination [15]. It is worth mentioning that Jsc of a solar cell 

depends on several factors such as photon flux density, the area of the light-absorbing 

material, and optical properties of the active area. 

 

1.2.7 Open-circuit voltage 

The Voc is the voltage at which no current flows through the external circuit. It is the 

maximum voltage that solar cells can supply [18].
 
For a conventional pïn junction solar 

cell, Voc is a function of T, Jph, and J0 (see equation 1.6). Also, Voc is related to the 

amount of recombination in the solar cell. 

 

ὠ
ὲὯὝ

Ὡ
ÌÎ
ὐ

ὐ
ρ                                                                     ρȢφ 

 

1.2.8 Fill Factor  

The FF is the ratio between the maximum power generated by a solar cell and the 

product of Voc and Jsc. As shown in Fig. 1.7, the Pmax produced by a solar cell can be 

estimated using equation 1.7. 

 

ὖ ὐ  ὠ                                                                                   ρȢχ 

 

where Jmax and Vmax are the corresponding maximum voltage (V) and current density of 

the solar cell, respectively. The mathematical expression of the FF is shown in equation 

1.8 

 

ὊὊ
ὖ

ὐ ὠ
 
ὐ ὠ

ὐὠ
                                                                    ρȢψ 
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1.2.9 Power Conversion Efficiency 

The PCE or ɖ can be estimated as the ratio of the Pmax generated by a solar cell to the 

incident power (Pin) [18]. For AM 1.5G, Pin is calculated to be 1000W/m
2
. This has 

become the standard value for measuring the ɖ of solar cells. The ɖ of a solar cell can be 

calculated using the expression in equation 1.9. 

 

–
ὖ

ὖ
 
ὐ  ὠ

ὖ
 Ø ρππϷ                                                         ρȢω 

 

Using the definition of the FF, ɖ can also be expressed by equation 1.10 

 

–
ὖ

ὖ
 
ὐ  ὠ ὊὊ

ὖ
 Ø ρππϷ                                                         ρȢρπ 

 

1.2.10 Quantum Efficiency Measurements 

The quantum efficiency involves the external quantum efficiency (EQE) and internal 

quantum efficiency (IQE) [19]. The EQE is the number of extracted electron-hole pairs 

per incident photon (equation 1.11).  

 

ὉὗὉ
ὲόάὦὩὶ έὪ ὩὰὩὧὸὶέὲί ὧέὰὰὩὧὸὩὨ

ὲόάὦὩὶ έὪ ὭὲὧὭὨὩὲὸ ὴὬέὸέὲί
                                        ρȢρρ 

 

IQE can be determined by the light reflectance and the spectral response. EQE is 

sometimes called the incident photon-to-current efficiency (IPCE). The latter is a 

technique used to evaluate how different absorbing materials used in the cell affect the 

photocurrent generation [15]. In most cases, EQE is measured with a light source 

(realized by a monochromatic light) at low light intensity. Fig. 1.8 shows the IPCE 

curve of PSC with an excitonic absorption peak at around 780 nm. Usually, for ideal 

quantum efficiency, the IPCE value reaches 100% for the entire absorbance wavelength. 

However, in solar cells, the quantum efficiency is usually less than 100% due to 

recombination effects and defects in the device.  
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        Fig. 1.8 a typical IPCE curve of PSC  

 

IPCE can be calculated using the following expression in equation 1.12. 

 

ὍὖὅὉϷ
Ὤὧ ὐ

Ὡ‗ ὖ
                                                                                          ρȢρς 

 

where h is the Planckôs constant (J.s), c is the speed of light (m/s), ɚ is the wavelength 

of light (nm), e is the elementary charge (C), and Pin is the photon flux. In DSSCs, IPCE 

can be expressed according to equation 1.13) [20]. 

 

ὍὖὅὉ‗ –  –  –                                                                                 ρȢρσ 

 

where ɖLHE is the light harvesting efficiency at a certain wavelength, ɖinj is the electron 

injection efficiency, and ɖc is the electron collection efficiency. Inorganic solar cells, the 

EQE can be represented by the product of each efficiency described in equation 1.14 

[21]. 

 

– – – –  –                                                                                      ρȢρτ 

where – is the light absorption efficiency, –  is the exciton diffusion efficiency to the 

donorïacceptor interface, –  is the charge transfer efficiency, and –  is the charge 

collection efficiency at the electrodes. In principle, the Jsc can be calculated by the 
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integration of IPCE for the whole solar spectrum. The relationship between the IPCE 

and the corresponding Jsc is shown in equation 1.15.  

 

ὐ
Ὡ

Ὤὧ
ὖ  Ȣ ‗ὍὖὅὉ‗ ‗Ὠ‗                                                      ρȢρυ 

 

where ὖ  Ȣ  is assumed to be equivalent to photon flux. It is worth mentioning that in 

practice, the Jsc estimated according to equation 1.15 does not always match well the 

corresponding value obtained from the JïV measurements. This is due to the mismatch 

between the spectral irradiance provided by the solar simulator and AM 1.5G spectrum. 
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1.3 Perovskite solar cells 

1.3.1 What is Perovskite? 

Perovskite is any material that has the same mineral structure of calcium titanium oxide 

(CaTiO3). The structure CaTiO3 was discovered by a German mineralogist Gustav Rose 

in 1839. Perovskite derived its name from a Russian mineralogist Lev A. Perovski 

(1792ï1856), following his pioneering work on the mineral structure [22]. The family 

of perovskite has the general formula ABX3, where A and B are cations of different 

sizes, and X is an anion, where X=oxygen, halogens, or alkali metals (Fig. 1.9). Among 

the perovskite family, oxide-based perovskites have been extensively studied because of 

their superior ferroelectricity, magnetic, and superconductive properties [23, 24]. In 

1958, Moller characterized the first halide-based perovskite structure, cesium lead 

halide (CsPbX3) [25]. Later, in 1978 Weber and Naturfosch studied methylammonium 

lead halide (CH3NH3PbX3, where X=I, Cl, Br). In the 1990s, Mitzi and coworkers 

studied the optoelectronics properties of CH3NH3PbX3 perovskites, which was later 

employed in thin films transistors (TFT) and light-emitting diodes (LED) [26]. 

 

 

 

 

 

 

 

Fig. 1.9 Cubic structure of CH3NH3PbI3 perovskites with the general chemical formula  

ABX3 organic or inorganic cations occupy position  A  (green) whereas metal cations 

and halides occupy the  B  (blue) and  X  (purple) positions, respectively. Adapted from 

reference [27]. 
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1.3.2 Perovskite crystal structure and composition 

As mentioned in section 1.3.1, the general formula of perovskite is ABX3.The most 

researched perovskites are methylammonium lead triiodide perovskite (CH3NH3PbI3),  

mixed halide perovskites (CH3NH3PbI3-xClx and CH3NH3PbI3-xBrx), and 

formamidinium lead triiodide (NH2CHNH2PbI3, FAPbI3) adopt the general perovskite 

chemical formula ABX3. Where A is the organic cations CH3NH3
+
 (MA

+
) and 

HC(NH2)2
+ 

(FA
+
), B is metal cation (Pb

2+
, Sn

2+
), and X is halide anion (Cl

-
, Br

-
, I

- 
or 

mixed halides) [28].
 
In an ideal perovskite crystal structure, B is surrounded by an 

octahedron of anions [BX6
4-

], while A is 12-fold cuboctahedra coordinated with X 

anions, as shown in Fig. 1.9 [27, 29]. It is worth noting that the degree of stability and 

physical properties of perovskites (electronic, magnetic, and dielectric) depends 

crucially on the tolerance factor. The Goldschmidt tolerance factor (t) (Equation 1.15) 

can be used to measure the distortion between the AïX and BïX bond lengths [30]. 

ὸ
Ὑ  Ὑ

ЍςὙ Ὑ
                                                                                                      ρȢρυ 

Where RA, RB, RX, is the ionic radii of A, B, X, respectively.  

 To alleviate the mismatch of crystal components and octahedral tilting of 

perovskite, t should be close to 1. Typically, the cubic structure for oxide perovskites is 

in the range 0.89<t<1 [31], whereas halide perovskite ranges from 0.85<t<1.11 [32].
 
For 

hybrid halide perovskite, the B site is normally surrounded by a large atom of Pb or Sn. 

Therefore, A site must be large enough to maintain the tolerance factor. If the A site is 

not large enough, the cubic structure and symmetry will be distorted and reduced, 

respectively. When A site is surrounded by voluminous anions, such as long-chain 

alkylamine, the lead halide perovskite becomes a two-dimensional (2D) layer structure 

[33, 34]. Li et al. proposed the octahedral factor (µ) shown in equation 1.16 can be used 

to further support the Goldschmidtôs tolerance factor [32]. 

ʈ
Ὑ

Ὑ
                                                                                                                          ρȢρφ 

For halide perovskite µ is in the range of 0.442-0.895 [32].
 
t and µ provide a useful 

guideline for predicting halide perovskite formability. However, they are not entirely 

sufficient for determining structures of all the perovskite family [24, 32]. Furthermore, 
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according to X-ray diffraction (XRD) results, perovskite crystals have different phases 

such as cubic, tetragonal, and orthorhombic [35]. Typically, perovskites adopt cubic 

structures and encounter phase transitions from cubic to tetragonal to orthorhombic with 

respect to temperature [36]. Kanatzidis et al. have studied the structural phase Ŭ, ɓ, ɔ 

transformations for the most researched hybrid perovskites. Where Ŭ, ɓ, and ɔ signify 

high temperature, intermediate temperature, and low-temperature phases, respectively 

[37].
 

 

1.3.3 Overview of the development of perovskite solar cells 

In 2006 Miyasaka and co-workers first incorporated CH3NH3PbBr3 perovskites as a 

sensitizer on nanoporous TiO2 in liquid electrolyte-based dye-sensitized solar cells 

(DSSCs) and achieved an efficiency of 2.2% [38]. Later in 2009, the PCE of their 

device reached 3.8% by replacing the Br with I [39].
 
It was found that the devices were 

prone to dissolution and poor stability due to the polar electrolyte solution. In 2011, the 

PCE of perovskite-sensitized solar cells gradually increased to about 6.5% by Park and 

co-workers [40]. To further improve the PCE and stability of PSCs a solid electrolyte 

2,2',7,7'-tetrakis (N,N-di-p-methoxyphenylamine)-9,9'-spirobifluorene (Spiro-

OMeTAD) was incorporated as a hole transport material (HTM) in 2012. This led to 

achieving a PCE of 9.7% and improved device stability [41].
 
Later, in 2012 Snaith and 

co-workers achieved a PCE of 10.9% using a mesoporous alumina (Al2O3) scaffold as 

an electron transport layer (ETL), and CH3NH3PbI3-xClx perovskite to fabricate meso-

superstructure solar cells (MSSCs) [42]. 
 
In 2013, Grätzel and co-workers reported the 

sequential deposition method to fabricate high-performance perovskite-sensitized solar 

cell and achieved an efficiency of about 15.0% [43].
 
In order to simplify the device 

architecture, later in 2013, Snaith and co-workers developed n-i-p (n, i, p refers to the 

electron transporting layer, light-absorber layer, and hole transporting layer, 

respectively) planar heterojunction structure PSCs. The planar PSCs without the 

mesoporous layer exhibited a PCE of 15.4% [44].
 
Since then, the PCEs of PSCs with 

various geometries and processing methods have been developed, and its PCE reaching 

22.1% [45].
 
It has been widely reported that the high efficiency exhibited by PSCs can 
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be attributed to its excellent photovoltaics properties such as tunable bandgaps [46], 

large absorption coefýcients [41], high charge carrier mobility [47], long exciton 

diffusion length [48, 49], and small exciton binding energy (<50 meV) [50]. 

 

1.3.4 Perovskite solar cell architectures 

In this type of solar cell, the light-absorbing layer (perovskite) is usually sandwiched in 

between an ETL and a hole transport layer (HTL). Since the first report of PSC by 

Miyasaka and coworkers in 2009, various architectures have been developed to 

fabricate high-performance PSC. In this section, I will discuss only the most commonly 

used structures, which are: (a) Mesoporous structure, (b) Bi-layer mesoporous structure, 

(c) n-i-p planar structure, (d) p-i-n planar structure. 

 

1.3.5 Mesoporous structure 

The first geometry of PSC evolved from the solid-state DSSCs structure. Fig. 1.10(a) 

shows the schematic illustration of a typical mesoporous structure. The mesoporous 

structure is made up of fluorine-doped tin oxide (FTO) glass substrate followed by a 

compact ETL (usually titanium oxide (TiO2) with a thickness of about 50 nm). Next is a 

mesoporous ETL (TiO2, Al2O3) with a film thickness of about 350 nm or more. The 

light-absorbing layer ñperovskiteò is deposited onto the mesoporous layer followed by a 

HTL (e.g., Spiro-OMeTAD) with a film thickness of about 250 nm. Finally, about 80 

nm of a metal contact (Au) is deposited on the HTL [40-43]. A PCE of over 15.0% has 

been achieved with the mesoporous structure [43]. 
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Fig. 1.10 The schematic illustrations of the (a) mesoporous structure, (b) bi-layer 

structure, (c) n-i-p planar structure and (d) p-i-n planar structure. FTO, ITO, ETL, and 

HTL represents fluorine-doped tin oxide; Indium-doped tin oxide, electron transport 

layer, and hole transport layer, respectively. 

 

In this type of structure, the perovskite light-absorbing layer is usually fabricated by 

two-step deposition method [43]. The surface coverage, grain size, uniformity, 

roughness of the perovskite layer, which is solely controlled by the underneath 

mesoporous layer strongly, affects the device performance and reproducibility [51-53]. 

The mesoporous structure has the advantage of less pronounce hysteresis in the JïV 

measurements and the disadvantage of the high-temperature annealing process. The 

mesoporous structure is not a feasible approach when considering large area device on a 

low-temperature flexible substrate.  
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1.3.6 Bi-layer structure 

Fig. 1.10 (b) shows the schematic illustration of the bi-layer structure. The overall 

thickness of the mesoporous scaffold of this type of structure is usually thinner than the 

conventional mesoporous structure [54, 55]. The capping layer structure was developed 

to prevent possible shunting pathways in the device, which results from insufficient 

pore-filling of the perovskite into the mesoporous scaffold [54, 56, 57]. PSCs 

employing the bi-layer structure have demonstrated high PCEs (>15%) with negligible 

JïV hysteresis [58, 59, 60]. 

 

1.3.7 n-i-p planar structure 

Fig. 1.10 (c) shows the schematic illustration of a typical n-i-p planar structure, which 

consists of FTO/ETL/perovskite/HTL/metal contact (Au/Ag). The ideology of n-i-p 

planar PSCs could be tracked back to Al2O3-based mesoporous PSC [42]. Snaith and 

coworkers found that high-performance PSCs could be achieved without the 

mesoporous TiO2 ETL. In 2013, Snaith et al. achieved a PCE of 15% for planar based 

PSCs fabricated via vapor deposition method [32, 44]. Since then n-i-p planar PSC 

architecture has gained considerable attention among the PSCs research community. 

The planar structure was feasible because the metal halide perovskite exhibits ambipolar 

properties, long charge carrier diffusion lengths of about 100 nm for CH3NH3PbI3 and 

1000 nm for CH3NH3PbI3-xClx [48, 49]. This architecture offers the advantages of 

simplified device geometry, easy fabrication methods, versatility for device 

optimization and low cost for mass production. However, n-i-p planar PSC also suffers 

from poor film formability especially when prepared using solution process and much 

worse JïV hysteresis than the mesoporous devices [61, 62]. 
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1.3.8 p-i-n planar structure 

Fig. 1.10 (d) shows the schematic illustration of a typical p-i-n planar structure PSC. 

The concept of this type of architecture was derived from the traditional organic solar 

cells [63].
 

The first p-i-n planar PSC employed the traditional poly 3,4-

ethylenedioxythiophene): poly(styrenesulfonic acid) (PEDOT: PSS) and fullerene 

derivative as the HTL and ETL, respectively, which exhibited a PCE of 3.9% [63]. At 

that time, it was found the non-constant perovskite morphology on PEDOT: PSS HTL 

led to the low PCE. To optimize the PCE of p-i-n PSC structure, several attempts were 

made to improve the perovskite film formation and interface engineering [64-70]. It is 

worth noting that the p-i-n PSC structure has the advantages of the possibility of low-

temperature preparation, avoiding the need of dopants in the HTL and compatibility 

with organic electronics manufacturing processes [71]. These features are somewhat 

difficult  to achieve in n-i-p PSC structure. 

 

1.3.9 Energy band diagram of typical PSCs 

Perovskite CH3NH3PbI3 is a direct bandgap semiconductor material with an optical 

band gap energy approximately 1.5eV, which correspond to an absorption onset of 

about 800 nm. The large absorption coefficient in the visible region (~10
5
 cm

-1
) enables 

efficient light-harvesting by building a high density of photoexcited charges with ~ 300 

nm thick layer [41, 46, 72]. 

 

 

 

 

 

 

Fig. 1.11 Energy band diagram of n-i-p PSC describing the process of light absorption 

and generation of free carriers. hv is the photon energy, where h is the Planckôs constant 

and v is the photonôs frequency. 
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 Fig. 1.11 shows the energy band diagram of a typical n-i-p structure PSC 

demonstrating the process of the charge transfer mechanisms. According to previous 

reports, the 1.5 eV band gap of CH3NH3PbI3 perovskite is mainly determined by the 

[PbI4]
6- 

network. This suggests that the organic component somewhat does not influence 

the band gap energy, however, is responsible for the formation of the 3D perovskite 

crystal [73-78]. As shown in Fig. 1.11, absorption of photons creates electron-hole pairs 

in the perovskite. These charge carriers could exist as free carriers or form excitons with 

a small binding energy in the range of a few milli-electron volts (19-50 meV), which is 

contrary to that observed in organic solar cells [79]. Next, the electron-hole pairs are 

thermalized and transported to the ETL and HTL respectively. Finally, the electron and 

hole are extracted by the FTO and metal contact (Au or Ag), and thus a complete circuit 

is formed. The CH3NH3PbI3 perovskite possesses excellent attributes that are crucial for 

the development of efficient solar cells. Among these attributes, the strong optical 

absorption, long electron-hole diffusion lengths, and small exciton binding energy or 

non-excitonic nature of the charge generation are essential to the outstanding 

performance of PSCs. Most especially, the high Voc observed in PSCs, which further 

suggest that the energetic cost associated with exciton splitting is not predominant 

[79,80, 81]. 
 

 

1.3.10 Deposition of metal halide perovskite film 

In PSCs, the quality of the perovskite film is paramount important. It often determines 

the performance of the device. To achieve high-performance PSCs, it is crucial to 

fabricate perovskite film with high crystalline and uniform morphology. Perovskite 

films can be fabricated via vapor deposition and solution process methods [44,82-84]. 

The vapor deposition method was firstly demonstrated by Snaith and coworkers in 2013 

[44]. They employed dual source evaporation systems that separately contain the 

methylammonium iodide (CH3NH3I) and lead chloride (PbCl2) to deposit high-quality 

CH3NH3PbI3-xClx films, exhibiting a PCE of about 15.0% (Fig. 1.12(a)). Despite the 

high PCEs achieved by vapor deposition methods, it has the disadvantage of the 

possibility of high-cost manufacturing, since it requires advanced and expensive 
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vacuum facilities. As demonstrated by Chen et al., the vapor-assisted solution process 

(VASP) is combining solution process of lead iodide (PbI2) layer and vapor deposition 

of CH3NH3I to form perovskite film with full coverage, microscale grain size and 

uniform grain structure, which exhibited a PCE of about 12.1% (Fig. 1.12(b)) [84]. 

 

 

 

 

 

 

Fig. 1.12 Schematic illustration of perovskite film deposition. (a) Dual-source thermal 

evaporation system, adapted from reference [44]. (b)Vapor-assisted solution process, 

adapted from reference [84]. 

 Solution process methods are divided into two major types: one-step and two-

step methods. Under the two-step methods, there are two types of techniques: (i) 

sequential deposition and (ii) two-step spin-coating methods. The solution processing 

methods have the advantages of ease fabrication and low-cost manufacturing even on 

large substrates. Among all the deposition methods, one-step solution method is the 

simplest and easiest. It involves the spin-coating of a mixture of PbX2 and CH3NH3X 

(X=Cl, Br, I) in a polar solvent such as ɔ-butyrolactone (GBL), N,N-dimethylformamide 

(DMF) or dimethylsulfoxide (DMSO) on top of the planar substrate or a mesoporous 

scaffold and followed by thermal annealing (Fig. 1.13) [41,42,61,85-88]. Perovskite 

films prepared by one-step solution process are usually prone to pinhole and non-

constant morphology especially on planar substrates [61]. 

 

 

 

(a) 
(b) 



24 
 

 

 

 

 

 

                  

                    Fig. 1.13 Schematic illustration of one-step spin-coating method  

             The two-step sequential deposition method was first reported by Mitzi and 

coworkers in 1998 to make perovskite film [89]. In 2013, Grätzel and coworkers 

adopted this approach to fabricate high-quality perovskite film on a mesoporous 

structure [43].
 
The two-step sequential method involves the spin-coating of the PbI2 

precursor onto a mesoporous or planar substrate to form PbI2 film and followed by 

dipping into CH3NH3I- Isopropanol (IPA) solution to form CH3NH3PbI3 (Fig. 1.14(a)). 

In this method, the morphology of the final perovskite film depends on the nature of the 

PbI2 film, and the dipping time of PbI2 film into the CH3NH3I-IPA solution [32]. The 

two-step sequential deposition method is mostly suitable for mesoporous structure PSCs. 

However, on planar substrates, the perovskite formation is usually associated with 

problems such as dissolution and peeling-off due to the long soaking time of PbI2 film 

into the CH3NH3I-IPA solution [32, 89, 90]. The long soaking time is required to 

achieving sufficient diffusion and intercalation of CH3NH3I into the compact PbI2 films 

[32].
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Fig. 1.14 Schematic illustration of: (a) sequential deposition method (b) two-step spin-

coating method.  

 

 In order to circumvent the problem of incomplete conversion of PbI2 into 

perovskites, and gain a better control of perovskite morphology, Park and his co-

workers proposed the two-step spin-coating approach, in which the CH3NH3I-IPA 

solution is dropped onto the PbI2 precursor film, followed by spin coating (Fig. 1.14(b)) 

[32, 58, 92]. Later in 2014, Xiao et al. adopted the two-step spin-coating approach and 

developed the interdiffusion strategy. The resultant perovskite film was treated by a 

solvent-vapor-assisted annealing which led to a high-quality perovskite film [66,68].
 

Since then, several research groups have adopted the two-step spin-coating method or 

the modified interdiffusion approach to fabricate high-performance and reproducible 

PSCs [66,68,93-96]. Compared to two-step sequential method, two-step spin-coating 
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technique is a well-defined method because it can quantitatively manage the fabrication 

process [92]. 

 

1.3.11 Drawbacks of PSCs
 

PSCs are faced with some challenges such as poor stability, lead toxicity, and hysteresis 

in J-V measurements. Among these issues, the stability of PSCs has been pinpointed as 

one of the most challenging pitfalls. In Niu et al. review paper, they identified oxygen 

and moisture, ultra-violet (UV) light, solution processing and temperature as the key 

issues causing degradation in perovskite film [97].
 
They reported that oxygen together 

with moisture could lead to irreversible degradation of CH3NH3PbI3 as shown in the 

reactions below. 

CH3NH3PbI3 (s)             PbI2 (s) + CH3NH3I (aq)          (1.17) 

CH3NH3I (aq)            CH3NH2 (aq) + HI (aq)                     (1.18) 

4HI (aq) + O2 (g)            2I2 (s) + 2H2O (l)                          (1.19) 

2HI (aq)             H2 (g) + I2(s)                                              (1.20) 

It was found that the absorption of the TiO2/CH3NH3PbI3 film between 530 nm and 800 

nm greatly decreased after exposure to air with a humidity of 60% at 35ºC for 18 h. The 

group further confirmed the degradation of the perovskite film by comparing XRD 

patterns before and after exposure to moisture [97].
 
Contrary to Niu et al. report, Kamat 

and coworkers found that the reaction of CH3NH3PbI3 with H2O leads to the formation 

of a hydrate phase, such as (CH3NH3)4PbI6ẗ2H2O, in addition to PbI2 [98]. Later Leguy 

et al. suggested that the crystal structure formed after the degradation is a different 

hydrate phase of CH3NH3PbI3ẗH2O and proposed that the intermediate 

CH3NH3PbI3ẗH2O further decompose into (CH3NH3)4PbI6ẗ2H2O and PbI2 phases 

[99,100]. These conflicting findings further suggest that the degradation mechanism of 

PSCs is not fully understood. In order to improve the PSCs stability, several approaches 

have been proposed [101-105]. Among these approaches is the introduction of 

CH3NH3Br into the chemical structure of the unstable CH3NH3PbI3 [97, 106]. 

H2O 

light 
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Surprisingly, the device with CH3NH3Br showed good stability after exposure to 55% 

humidity for 20 days with high PCE [107].
 
Niemann et al. found that the replacement of 

an organic ligand CH3NH3I with an alkali metal such as Cesium (Cs) or Rubidium (Rb) 

can improve the stability of PSCs [108, 109]. Tai et al. reported improved stability for 

CH3NH3PbI3-x(SCN)x compared to CH3NH3PbI3 [110]. Karunadasa and co-workers 

reported that the two-dimensional (2D) hybrid perovskite (PEA)2(MA)2[Pb3I10] (PEA = 

C6H5(CH2)2NH3
+
, MA = CH3NH3

+
) as light-absorber in PSCs can improve stability 

[111].
 

 Another critical issue is the toxic heavy metal (Pb) contained in PSCs. To address 

this issue, significant efforts have been made to fabricate lead-free PSCs. In 2014, 

Kanatzidis and co-workers reported the first attempt using the lead-free perovskite of 

methylammonium tin iodide (CH3NH3SnI3) as the light-absorbing material to fabricate 

solution-processed solid-state photovoltaic devices, which exhibited a PCE of 5.23% 

[112].
 
In an attempt to improve the PCE of CH3NH3SnI3 PSCs, the chemical reaction of 

iodide with bromide enabled the efficient energetic tuning of the band structure of the 

perovskites, resulting to a PCE of 5.8% [112].
 
It is worth mentioning that CH3NH3SnI3 

PSCs suffers from poor atmospheric stability and PCEs. This poor performance is 

attributed to the p-type doping via Sn
2+

 oxidation induced during the fabrication process 

[112].
 
To improve the performance of CH3NH3SnI3 PSCs, tin fluoride (SnF2) was added 

to CH3NH3SnI3 to efficiently turn the CH3NH3SnI3 into Sn
2+

-rich material that can 

suppress the formation of Sn vacancies [113]. Another strategy was to introduce 

hydrazine into CH3NH3SnI3 which induced the suppression of Sn
4+

 formation and 

resulting in improved carrier lifetime and reduced defect- and trap-induced 

recombination in Sn-based perovskite film [114]. These techniques led to substantial 

improvement in the performance of CH3NH3SnI3-based PSCs. Also, significant efforts 

have been made to develop perovskite derivatives by the substitution of Pb with other 

metals such as germanium (Ge), bismuth (Bi), antimony (Sb) and so on [106,102]. 

However, their performance is still deficient compared to the Sn-based PSCs.  
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 Pertaining the Pb-based devices, it has been estimated that upon dissolution of 

perovskite layer of a module with the one-meter square area, the impact would not be 

disastrous due to the relatively small amount (<1g) of lead contained [106,115]. 

Furthermore, proper device encapsulation could limit the Pb leakage during the cell 

operation, and appropriate end-of-life disposal could further reduce environmental 

effects of Pb [106, 116]. 

 Another severe drawback of PSCs is the anomalous hysteresis in JïV curves, 

which is the difference in the current measured in the forward and reverse scanning 

directions. Snaith and his co-workers in 2014 observed for the first time anomalous 

hysteresis in PSCs [117].
 
It was found that the JïV measurements strongly depend on 

the voltage sweep rate and scan direction (forward and reverse voltage scanning, i.e., 

from short-circuit to open circuit, and from open circuit to short-circuit, respectively), 

which becomes more severe as the scan rate is slowed down [117].
 
In their studies, three 

types of PSCs architectures: (i) planar heterojunction solar cells, (ii) perovskite-

sensitized solar cells fabricated on mesoporous TiO2, and (iii) meso-superstructured 

solar cells (MSSCs) with Al2O3 scaffold were employed to unravel the origin of 

hysteresis. Furthermore, it was found that hysteresis predominantly arises from the 

perovskite absorber in the solar cell. Also, the device architectures and contact materials, 

including p- and n-type contacts can determine the degree of hysteresis [117].
 
To shed 

more light on their findings, Snaith and his co-workers further hypothesized three 

possible origins of hysteresis: (i) trapping and detrapping of charge carriers within the 

perovskites, (ii) ferroelectric properties of the perovskite of the materials, and (iii) 

interstitial defects in the perovskite caused by ions migration [117]. Later in 2014, Park 

and co-workers reported that capacitive characteristics and crystal size of CH3NH3PbI3 

are found to influence JïV hysteresis [118]. It was found that the JïV hysteresis is 

alleviated as crystal size increases. Interestingly, the inverted planar structure PSCs with 

fullerene as ETL has shown negligible hysteresis [65,70, 119-121]. The fullerene can 

penetrate or diffuse into the perovskite layer through the grain boundaries during spin-

coating and annealing [121, 122]. Moreover, the fullerene interacts with the mobile ions 

in the perovskite to form a fullerene halide radical [110], which stabilizes the 
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electrostatic properties of the perovskites, mitigates the ionic movement in the 

perovskites, and thus resulting in negligible hysteresis [121-124]. 

 

1.4 Objective of study 

Renewable and clean energy supplies are indispensable for sustainable economic 

development, environmental safety, and the mitigation of global warming. Among 

various renewable energy technologies, solar cells are probably the most promising 

alternative to conventional fossil fuels. Recently, solar cells based on organic-inorganic 

perovskite light-absorbing materials have attracted considerable attention among the 

photovoltaic research community due to their low fabrication cost and high PCEs.  In 

PSCs, the light-absorbing layer (perovskite), which is usually sandwiched between the 

ETL and HTL is one of the most significant components, suggesting that it must be 

high-quality to guarantee high PCEs. Since perovskite materials are moisture sensitive 

and unstable when exposed to high humid environments, they are usually fabricated 

using humidity control facilities such as glovebox and deposition machines. The use of 

such expensive vacuum facilities would significantly increase its production cost and 

energy payback time thereby hampering its commercialization. It is believed that PSCs 

would be more attractive and cost-effective if it can be fabricated in the air like the 

DSSCs. Moreover, the PCE strongly depends on the fabrication method; it is essential 

to efficiently and meticulously study the device fabrication methods under different 

condition for the future application. In this thesis, we proposed simple and efficient 

ways to fabricate high-quality perovskite films with improved uniformity for high-

performance planar PSCs under ambient air condition. 
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1.5 Composition of thesis 

In this thesis, we proposed novel device fabrication methods and evaluated the device 

characteristics. This paper consists of 6 chapters. Chapter 1 shows the research 

background of solar cells and PSCs. Chapters 3 to 5 is the research content of this thesis, 

and Chapter 6 is the summary.  

Chapter 1 describes the importance of solar energy and why it is preferable to the 

energy from fossil fuel. It further introduces solar cell, types of solar cells as well as the 

fundamental theories and physics of solar cell. The latter part of chapter 1 presents a 

general review on perovskite as an excellent light-absorbing material for solar cells. It 

also covers further discussions on PSCs such as the development of PSCs, device 

architectures, energy band diagram of a typical PSC, deposition methods of metal halide 

perovskite thin films and drawbacks of PSCs. 

Chapter 2 introduces the experimental methods, device fabrication and evaluation 

methods used in this thesis.  

Chapter 3 proposes a simple and efficient way to fabricate PSCs. The PSC was 

fabricated using two-step spin-coating method together with air-assisted flow under 

ambient air condition. The correlations between the films prepared with and without 

airflow and device performance are systematically investigated.  

Chapter 4 describes planar PSCs fabricated by a simple one-step solution process and 

antisolvent bath (ASB) methods under ambient air condition.  Diethyl ether (DEE), 

which has a low boiling point and no solubility or reactivity with the perovskite 

precursors, was used to extract the N-methyl-2-pyrrolidone (NMP) and ɔ-butyrolactone 

(GBL) solvents from the spin-coated solution film. This enabled a uniform, highly 

smooth and glossy perovskite film. The morphology and grain growth of the resultant 

perovskite film were further improved by solvent annealing (SA) approach. Perovskite 

films treated with SA, thermal annealing (TA) and without treatment were 

systematically investigated. Device containing films prepared with SA, TA and without 

annealing were fabricated and analyzed. This work highlights the importance of SA for 

perovskite film prepared by a one-step solution process and ASB method and offers a 
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simple and attractive way to fabricate high-performance PSCs under ambient air 

condition. 

Chapter 5 introduces planar PSCs based on low-temperature amorphous tungsten oxide 

(WOx)/fullerene C60 ETLs. The WOx/C60 ETLs were fabricated using solution-process. 

The perovskite film was deposited using one-step solution process and ASB method in 

ambient air, further suggesting the robustness of this method. The C60 layer is 

incorporated to suppress the inherent charge recombination at the perovskite/WOx 

interface. The effect of incorporating C60 interlayer on the device performance was 

systematically investigated. This work demonstrates that WOx/C60 ETLs can work 

together to enhance the performance of PSCs. Moreover, a  potential low-temperature 

approach. 

Chapter 6 summarizes the issue discussed in this thesis and its significance, and the 

scope of future research.  

 

 

 

 

 

 

 

 

 

 

 

 



32 
 

1.6 References 

1) V. Scott, S. Haszeldine, S. Tett, A. Oschlies, 'Fossil fuels in a trillion tonne world.' 

Nature Climate Change, 5 (2015), 419ï423. 

2) M. Beccali, M. Cellura, M. Mistretta, ñEnvironmental effects of energy policy in 

sicily: The role of renewable energy,ò Renew. Sustain. Energy Rev., 11 (2007) 282ï298. 

3) D. S. Ginley, D. Cahen, Fundamentals of Materials for Energy and Environmental 

Sustainability, Cambridge University Press, Cambridge, UK,  (2011). 

4) H. Lund, ñRenewable Energy Strategies for sustainable development,ò Energy, 32 

(2007) 912ï919. 

5) https://en.wikipedia.org/wiki/World_energy_consumption#cite_note-iea16-12. 

6) D. T. Ho, J. Frunt, J. M. A. Myrzik, Photovoltaic energy in power market. In: IEEE 

energy market 6th international conference on the European; (2009), 1ï5. 

7) F. Dincer, The analysis on photovoltaic electricity generation status, potential and 

policies of the leading countries in solar energy, Renewable and Sustainable Energy 

Reviews 15 (2011), 713ï720. 

8) A. Simms, ñIt is time to plug into renewable power.ò New Scientist, 183, (2004), 

18-19. 

9) C. K. Frederik, Polymer Photovoltaics a Practical Approach, SPIE, (2008). 

10) S. L. Nathan, G. N. Daniel, Powering the planet: Chemical challenges in solar 

energy utilization, Proceedings of the National Academy of Sciences. 103 (2006) 

15729ï15735. 

11) United Nations Development Program (2003) World Energy Assessment Report: 

Energy and the Challenge of Sustainability (United Nations, New York). 

12) T. Markvart, L. Castaner, Solar Cells: Materials, Manufacture and Operation, 

Elsevier, Oxford, (2005). 

13)  https://www.nrel.gov/pv/assets/images/efficiency-chart.png. 

14) M. Tao, Inorganic Photovoltaics Solar Cells: Silicon and Beyond, Electrochem. 

Soc. Interface 17(2008), 30-35. 

15) B. Holger, Solar Cells Based on Colloidal Nanocrystals, Springer, (2014). 

16) C. A. Gueymard, D. Myers, K. Emery, Proposed Reference Irradiance Spectra for 

Solar Energy Systems Testing Sol. Energy 73, (2002), 443-467. 

https://www.nrel.gov/pv/assets/images/efficiency-chart.png


33 
 

17) C. Kittel, Introduction to Solid State Physics, 8th edn., Wiley, New York, (2005). 

18) J. Klaus, I. Olindo, H. M. S. Arno, A. C. M. M. Rene, S. Van, Z. Miro, Solar 

Energy Fundamentals, Technology System, Delft University of Technology, (2014). 

19) W. J. Yang, Z. Q. Ma, X. Tang, C. B. Feng,  W.G. Zhao, P.P Shi, Internal Quantum 

Efficiency for Solar Cells, Solar Energy 82 (2008), 106-110. 

20) Y. Zusing, C. Chia-Ying, R. Prathik, C. Huan-Tsung, Quantum Dot-Sensitized 

Solar Cells Incorporating Nanomaterials, Chem. Commun., 47 (2011), 9561-9571. 

21) T. Mori, D. Sato, T. Egami, V. O. Eze, Improvement of Photovoltaic Properties for 

Unmodified Fullerene C60ïBased Polymer Solar Cells by Addition of Fusible Fullerene, 

J. Photopolym. Sci. Technol., 4 (2017), 501ï506. 

22) M. D. Graef and M. McHenry, structure of materials: an introduction to 

crystallography, diffraction and symmetry, Cambridge University Press, (2007). 

23) M. A Pena, J. L.G Fierro, Chemical Structures and Performance of Perovskite 

Oxides Chem. Rev. 101 (2001), 1981-2017. 

24) Q. Chen, N. De Marco, Y. Micheal Yang, et al., under the spotlight: The organicï

inorganic hybrid halide perovskite for optoelectronic applications, Nano Today, (2015) 

25) C.K, Crystal structure and photoconductivity of caesium plumbohalides, Nature 

182 (1958), 1436 

26) D. B Mitzi, Synthesis, Structure, and Properties of Organic-Inorganic Perovskites 

and Related Materials, Prog. Inorg. Chem. 48 (2007), 1-121 

27) X. Zhao, N.-G. Park, Stability Issues on Perovskite Solar Cells, Photonics 2 (2015), 

1139-1151 

28) Y. Chen, M. He, J. Peng, Y. Sun, Z. Liang, Structure and Growth Control of 

Organic-Inorganic Halide Perovskite for Optoelectronic: From Polycrystalline Films to 

Single Crystals, Adv. Sci. 3, (2016), 1500392. 

29) T. C. Sum, N. Mathews, Advancements in perovskite solar cells: photophysics 

behind the photovoltaics, Energy Environ. Sci. 7, (2014), 2518 

30) V. M. Goldschmidt, Crystal structure and chemical correlation, Ber. Dtsch. Chem. 

60 (1927), 1263-1268 

31) M. Johnsson, P. Lemmens, Handbook of Magnetism and Advance Magnetic 

Materials, John Wiley & Sons, Ltd., (2007). 



34 
 

32) C. Li, X. Lu, W. Ding, L. Feng, Y. Gao, Z. Guo, Formability of ABX3 (X=F, Cl, Br, 

I) halide perovskites, Acta Crystallogr. Sect. B: Struct.  Sci. 64 (2008), 702-707. 

33) Y. Zhao, K. Zhu, Organicïinorganic hybrid lead halide perovskite for 

optoelectronic and electronic applications, Chem. Soc. Rev., 45, (2016), 655-689. 

34) G. Kieslich, S. Sun, A. K. Cheetham, An extended Tolerance Factor approach for 

organicïinorganic perovskites, Chem. Sci., 6 (2014), 3430-3433. 

35) D. Weber, CH3NH3PbX3, ein Pb(II)-System mit kubischer Perowskitstruktur Inst. 

Anorg. Chem. Univ. Stutt. 33b (1978) 1443-1445. 

36) F. Brivio, A. B Walker, A. Walsh, Structural and electronic properties of hybrid 

perovskites for high-efficiency thin-film photovoltaics from first-principles, APL Mater. 

1 (2013), 042111. 

37) C. C Stoumpos, C. D. Malliakas, M.G. Kanatzidis, Semiconducting Tin and lead 

iodide perovskites with organic cations: phase transitions, high mobilities, and near-

infrared photoluminescent properties, Inorg. Chem. 52 (2013), 9019-9038. 

38) A. Kojima, k. Teshima, T. Miyasaka, Y. Shirai, Proc. 210th ECS Meeting, ECS, 

(2006) 

39) A. Kojima, K. Teshima, Y. Shirai, T. Miyasaka, Organometal halide perovskites a 

visible-light sensitizers for photovoltaic cells, J. Am. Chem. Soc. 131 (2009), 6050-

6051 

40) J. -H. Lm, C. -R. Lee, J. -W. Lee, S. W. Park, N. -G. Park, 6.5% efficient 

perovskite quantum-dot-sensitized solar cells, Nanoscale 3 (2011), 4088-4093 

41) H. -S. Kim, C. -R. Lee, J. -H. Lm, K. -B. Lee, T. Moehl, A. Marchioro et al., Lead 

Iodide Perovskite Sensitized All -Solid State Submicron Thin Film Mesoscopic Solar 

Cell with Efficiency Exceeding 9%, Sci. Rep. 2 (2012), 591. 

42) M. M. Lee, J. Teuscher, T. Miyasaka, T. N. Murakami and H. J. Snaith, Efficient 

Hybrid Solar Cells Based on Meso-Superstructured Organometal Halide Perovskite, 

Science, 338, (2012), 643-647 

43) J. Burschka, N. Pellet, S.-J. Moon, R. Humphry-Baker, P. Gao, M. K. Nazeeruddin, 

M. Grätzel, Sequential deposition as a route to high-performance perovskite-sensitized 

solar cells, Nature 499, (2013) 316 

44) M. Z. Liu, M. B. Johnston, H. J. Snaith, Efficient planar heterojunction perovskite 

solar cells by vapor deposition, Nature 501 (2013) 395-398 



35 
 

45) https://www.nrel.gov/pv/assets/images/efficiency-chart.png 

46) J. H. Noh, S. H. Im, J. H. Heo, T. N. Mandal, S. I. Seok, Chemical Management for 

Colorful, Efficient, and Stable Inorganic Organic Hybrid Nanostructured Solar Cells, 

Nano lett.,13, (2013) 1764 

47) C. Wehrenfennig, G. E. Eperon, M. B. Johnston, H. J. Snaith, and L. M. Herz, High 

Charge Carrier Mobilities and Lifetimes in Lifetimes in Organolead Trihalide 

Perovskites, Adv. Mater. 26, (2014)1584. 

48) S. D. Stranks, G. E. Eperon, G. Grancini, C. Menelaou, M. J. Alcocer, T. Leijtens, 

L. M. Herz, A. Petrozza, and H. J. Snaith, Electron-Hole Diffusion Lengths Exceeding 1 

Micrometer in an Organometal Trihalide Perovskite Absorber, Science 342, (2013) 341-

344. 

49) G. Xing, N. Mathews, S. Sun, S. S. Lim, Y. M. Lam, M. Gratzel, S. Mhaisalkar, 

and T. C. Sum, Long-Range Balance Electron-and Hole-Transport Lengths in Organic-

Inorganic CH3NH3PbI3, Science 342, (2013)344-347. 

50) V. D'Innocenzo, G. Grancini, M. J. P. Alcocer, A. R. S. Kandada, S. D. Stranks, M. 

M. Lee, G. Lanzani, H. J. Snaith, and A. Petrozza, Exciton versus free charges in 

organo-lead tri-halide perovskites, Nat. Commun. 5, (2014)3586. 

51) J. Qiu, Y. Qiu, K. Yan, M. Zhong, C. Mu, H. Yan, S. Yang, All-Solid-State Hybrid 

Solar Cells Based on a New Organometal Halide Perovskite Sensitizer and one-

dimensional TiO2 Nanowire Arrays, Nanoscale, 5, (2013) 3245-3248. 

52) E. Edri, S. Kirmayer, D. Cahen, G. Hodes, High Open-Circuit Voltage Solar Cells 

Based on Organic-Inorganic Lead Bromide Perovskite, J. Phys. Chem. Lett., 2013, 897-

902 

53) D. Bi, G. Boschloo, S. Schwarzmuller, L. Yang, E. M. Johansson, A. Hagfeldt, 

Efficient and Stable CH3NH3PbI3-sensitized ZnO Nanorod Array Solid-State Solar 

Cells, Nanoscale, 5, (2013) 11686-11691. 

54) J. H. Heo, S. H. Im, J.H. Noh, T.N. Mandal, C.-S. Lim, J. A. Chang, Y. H. Lee, H.-J. 

Kim, A. Sarkar, et al., Efficient inorganic-organic hybrid heterojunction solar cells 

containing perovskite compound and polymeric hole conductors, Nat. Photonics, 7 

(2013) 486-491. 

https://www.nrel.gov/pv/assets/images/efficiency-chart.png


36 
 

55) N. J. Jeon, J. H. Noh, W. S. Yang, Y. C. kim, S. Ryu, J. Seo, S. I. Seok, Solvent 

engineering for high-performance inorganicïorganic hybrid perovskite solar cells, 

Nature, 517 (2015) 476-480. 

56) T. Leijtens, B. Lauber, G. E. Eperon, S. D. Stranks, H. J. Snaith, The Importance of 

Perovskite Pore Filling in Organometal Mixed Halide Sensitized TiO2-Based Solar 

Cells, J. Phys. Chem. Lett., 5 (2014) 1096-1102. 

57) T. ïB. Song, Q. Chen, H. Zhou, C. Jiang, H. ïH. Wang, et al., Perovskite solar cells: 

film formation and properties, J. Mater. Chem., A, 3 (2015) 9032-9050. 

58) J.-H. Im, I.-H. Jang, N. Pellet, M. Grätzel, N.-G. Park, Growth of CH3NH3PbI3 

cuboids with controlled size for high-efficiency perovskite solar cells, Nat. 

Nanotechnol., 9 (2014) 927-932. 

59) N. J. Jeon, H. G. Lee, Y.C. Kim, J. Seo, J. H. Noh, J. Lee, S. I. Seok, o-Methoxy 

Substituents in Spiro-OMeTAD for Efficient InorganicïOrganic Hybrid Perovskite 

Solar Cells, J. Am. Chem. Soc., 136 (2014) 7837-7840. 

60) A. Abate, M. Saliba, D. J. Hollman, S. D. Stranks, K. Wojciechowski, R. Avolio, G. 

Grancini, A. Petrozza, H. J. Snaith, Supramolecular Halogen Bond Passivation of 

OrganicīInorganic Halide Perovskite Solar Cells, Nano Lett., 14 (2014) 3247-3254. 

61) G. E. Eperon, V. M.  Burlakov, P. Docampo, A. Goriely, H. J. Snaith, 

Morphological Control for High Performance, SolutionProcessed Planar Heterojunction 

Perovskite Solar Cells, Adv. Funct. Mater.,24 (2014), 151ï157. 

62) H. J. Snaith, A. Abate, J. M. Ball, G. E. Eperon, T. Leijtens, N. K. Noel, S. D. 

Stranks, J. T.-W. Wang, K. Wojciechowski, W. Zhang, Anomalous Hysteresis in 

Perovskite Solar Cells, J. Phys. Chem. Lett. 5 (2014), 1511ī1515. 

63) J. Y. Jeng, Y. F. Chiang, M. H. Lee, S. R. Peng, T. F. Guo, P. Chen, T. C. Wen, 

CH3NH3PbI3 perovskite/fullerene planar-heterojunction hybrid solar cells. Adv. Mater. 

25 (2013) 3727-3732. 

64)  P. Docampo, J. M. Ball, M. Darwich, G. E. Eperon, H. J. Snaith, Efficient 

organometal trihalide perovskite planar-heterojunction solar cells on flexible polymer 

substrates. Nat. Commun. 4 (2013), 2761. 

65) J. You, Y. Yang, Z. Hong, T. B. Song, L. Meng, Y. Liu, C. Jiang, H. Zhuo, W. H. 

Chang, G. Li, Y. Yang, and Moisture assisted perovskite film growth for high 

performance solar cells. Appl. Phys. Lett. 105 (2014) 183902. 



37 
 

66) Z. Xiao, C. Bi, Y. Shao, Q. Dong, Q. Wang, Y. Yuan, C. Wang, Y. Gao, J. Huang, 

Efficient, high yield perovskite photovoltaic devices grown by interdiffusion of solution-

processed precursor stacking layers. Energy Environ. Sci. 7 (2014) 2619-2623. 

67) J. Seo, S. Park, Y. C. kim, N. J. Jeon, J. H. Noh, S. C. Yoon, S. I. Seok, Benefits of 

very thin PCBM and LiF layers for solution-processed p-i-n perovskite solar cells. 

Energy Environ. Sci. 7 (2014), 2642-2646. 

68)  Z. Xiao, Q. Dong, B. Cheng, Y. Shao, Y. Yuan, J. Huang, SolventAnnealing of 

Perovskite-Induced Crystal Growth for Photovoltaic Device Efficiency Enhancement. 

Adv. Mater. 26 (2014), 6503-6509. 

69) J. Y. Jeng, K. C. Chen, T. Y. Chiang, P. Y. Lin, T. D. Tsai, Y. C. Chang, T. F. Guo, 

P. Chen, T. C. Wen, J. Y. Hsu, Nickel oxide electrode interlayer in CH3NH3PbI3 

perovskite/PCBM planar-heterojunction hybrid solar cells. Adv. Mater. 26 (2014) 4107-

4113 

70)  L. Meng, J. You. T.-F. Guo, Y. Yang, Recent Advances in the Inverted Planar 

Structure of Perovskite Solar Cells. Acc. Chem. Res. 49 (2016), 155ī165. 

71) C. Zuo, H. J. Bolink, H. Han, J. Huang, D. Cahen, L. Ding, Advances in Perovskite 

Solar Cells. Adv. Sci., 3 (2016) 1500324. 

72) W. ïJ. Yin, T. Shi, Y. Yan, Unique Properties of Halide Perovskites as Possible 

Origins of the Superior Solar Cell Performance, Adv. Mater., 26 (2014) 4653-4658. 

73) W. ïJ. Yin, T. Shi, Y. Yan, Unusual defect physics in CH3NH3PbI3 perovskite solar 

cell absorber, Appl. Phys. Lett., 104, (2014) 063903. 

74) C. Motta, F. El-Mellouhi, S. Kais, N. Tabet, F. Alharbi, S. Sanvito, Revealing the 

role of organic cations in hybrid halide perovskite CH3NH3PbI3, Nat. Commun., 6 

(2015) 7026. 

75) E. Mosconi, A. Amat, M. K. Nazeeruddin, M. Grätzel, F. De Angelis, First-

Principles Modeling of Mixed Halide Organometal Perovskites for Photovoltaic 

Applications, J. Phys. Chem. C., 117 (2013) 13902-13913. 

76) Y. H Chang, C. H. Park, First-Principles Study of the Structural and the Electronic 

Properties of the Lead-Halide-Based Inorganic-Organic Perovskites (CH3NH3)PbX3 

and CsPbX3 (X = Cl, Br, I), J. Korean Phys. Soc. 44 (2004) 889-893. 



38 
 

77) P. Umari, E. Mosconi, F. De Angelis,Relativistic GW calculations on 

CH3NH3PbI3 and CH3NH3SnI3 Perovskites for Solar Cell Applications, Sci. Rep. 4 

(2014) 4467. 

78) T. Umebayashi, K. Asai, T. Kondo, A. Nakao,Electronic structures of lead iodide 

based low-dimensional crystals, Phys. Rev. B 67 (2003) 155405. 

79) T. C. Sum, N. Mathew, Advancements in Perovskite Solar Cells: photophysics 

behind the photovoltaics. Energy Environ. Sci., 7 (2014) 2518-2534. 

80) N. Marinova, S. Valero, J. Luis Delgado, Organic and perovskite solar cells: 

Working principles, material and interfaces. Journal of Colloid and Interface Science 

488 (2017) 373-389. 

81) A. Marchioro, J. Teuscher, D. Friedrich, M. Kunst, R. Van de Krol, T. Moehl, M. 

Grätzel, J. ïE. Moser, Unravelling the mechanism of photoinduced charge transfer 

process in lead iodide perovskite solar cells, Nature Photonics 8 (2014) 250ï255. 

82)  A. Ng, Z. W. Ren, Q. Shen, S. H. Cheung, H. C. Gokkaya, G. X. Bai, J. C. Wang, 

et al., Efficiency enhancement by defect engineering in perovskite photovoltaic cells 

prepared using evaporated PbI2/CH3NH3I multilayers, J. Mater. Chem. A 3 (2015) 

9223-9231. 

83) C.-W. Chen, H.-W. Kang, S.-Y. Hsiao, P. ïF. Yang, K. ïM. Chiang, H. ïW. Lin, 

Efficient and uniform planar-type perovskite solar cells by simple sequential vacuum 

deposition, Adv. Mater. 26 (2014) 6647-6652. 

84) Q. Chen, H. P. Zhou, Z. R. Hong, S. Luo, H.-S. Duan, H.-H. Wang, Y. S. Liu, G. 

Li, Y. Yang, Planar heterojunction perovskite solar cells via vapor-assisted solution 

process, J. Am. Chem. Soc. 136 (2014) 622-625. 

85) J. M. Ball, M. M. Lee, A. Hey, H. J. Snaith, Low-temperature processed meso-

superstructured to thin-film perovskite solar cells, Energy Environ. Sci. 6 (2013) 1739. 

86) H. Zhou, Q. Chen, G. Li, S. Luo, T. ïb. Song, H. ïS. Duan, Z. Hong, J. You, Y. 

Liu, Y. Yang, Interface engineering of highly efficient perovskite solar cells, Science 

345 (2014) 542. 

87) K. Wojciechowski, M. Saliba, T. Leijtens, A. Abate, H. J. Snaith, Sub 150 °C 

Processed Meso-superstructured Perovskite Solar Cells with Enhanced Efficiency 

Energy Environ. Sci. 7 (2014) 1142. 



39 
 

88) J. H. Heo, H. J. Han, D. kim, T. K. Ahn, S. H. Im, Hysteresis-less inverted 

CH3NH3PbI3 planar perovskite hybrid solar cells with 18.1% power conversion 

efficiencyEnergy Environ. Sci. 8 (2015) 1602-1608. 

89) K. Liang, D. B. Mitzi, M. T. Prikas, Synthesis and Characterization of 

OrganicīInorganic Perovskite Thin Films Prepared Using a Versatile Two-Step 

Dipping Technique, Chem. Mater., 10 (1998) 403-411. 

90) Y. Zhao, K. Zhu, Three-step sequential solution deposition of PbI2-free 

CH3NH3PbI3perovskite,J. Mater. Chem. A, 3 (2015) 9086-9091. 

91) H. A. Harms, N. Tetreault, N. Pellet, M. Bensimon, M. Grätzel, Mesoscopic 

photosystems for solar light harvesting and conversion: facile and reversible transformation 

of metal-halide perovskites, Faraday Discuss., 176 (2014) 251-269. 
 

92) J.-H. Im, H.-S. Kim, N.-G. Park, Morphology-photovoltaic property correlation in 

perovskite solar cells: One-step versus two-step deposition of CH3NH3PbI3, APL Mater. 

2(2014), 081510.  

93) W. Zhu, T. Yu, F. Li, C. Bao, H. Gao, Y. Yi, J. Yang, G. Fu, X. Zhuo, Z. Zuo, A 

facile, solvent vaporïfumigation-induced, self-repair recrystallization of CH3NH3PbI3 films 

for high-performance perovskite solar cells, Nanoscale, 7 (2015), 5427-5434. 

94) J. Lian, Q. Wang, Y. Yuan, Y.Shao, J. Huang, Organic solvent vapor sensitive 

methylammonium lead trihalide film formation for efficient hybrid perovskite solar 

cellsJ. Mater., Chem. A.,3 (2015), 9146-9151. 

95) B. Lei, V. O. Eze, T. Mori, High-performance CH3NH3PbI3perovskite solar cells 

fabricated under ambient conditionswith high relative humidity. 

96) V. O. Eze, B. Lei, T. Mori, Air-assisted þow and two-step spin-coating for highly 

efýcient CH3NH3PbI3 perovskite solar cells, Jpn. J. Appl. Phys. 55 (2016), 02BF08. 

97) G. Niu, X. Guo, L. Wang, Review of recent progress in chemical stability of 

perovskite solar cells, J. Mater. Chem. A, 3 (2015),8970-8980.  

98) J. A. Christians, P. A. M. Herrera, and P. V. Kamat, Transformation of the Excited 

State and Photovoltaic Efficiency of CH3NH3PbI3 Perovskite upon Controlled Exposure 

to Humidified Air, J. Am. Chem. Soc. 137 (2015), 1530-1538. 



40 
 

99) A. M. A. Leguy, Y. Hu, M. Campoy-Quiles, M. I. Alonso, O. J. Weber, P. 

Azarhoosh, M. van Schilfgaarde, M. T. Weller, T. Bein, J. Nelson, P. Docampo, and P. 

R. F. Barnes, Reversible Hydration of CH3NH3PbI3 in Films, Single Crystals, and Solar 

Cells, Chem. Mater. 27 (2015), 3397-3407. 

100)   M. Shirayama, M. Kato, T. Miyadera, T. Sugita, T. Fujiseki, S. Hara, H. 

Kadowaki, D. Murata, M. Chikamatsu, H. Fujiwara, Degradation mechanism of 

CH3NH3PbI3 perovskite materials upon exposure to humid air, J. Appl. Phys. 119 

(2016),115501. 

101) A. Mei, X. Li, L. Liu, Z. Ku, T. Liu, Y. Rong, M. Xu, M. Hu, J. Chen, Y. Yang, M. 

Grätzel,  H. Han, A hole-conductorïfree, fully printable mesoscopic perovskite solar 

cell with high stability Science 345 (2014) 295. 

102) X. Li, M. I. Dar, C. Yi, J. Luo, M. Tschumi, S. M. Zakeeruddin, M. K. 

Nazeeruddin, H. Han, M. Grätzel, Improved performance and stability of perovskite solar 

cells by crystal crosslinking with alkylphosphonic acid ɤ-ammonium chlorides, Nat. Chem. 7 

(2015) 703-711. 

103) J. B. You, L. Meng, T. ïB. Song, T. ïF. Guo, Y. M. Yang, W. ïH. Chang, Z. R. 

Hong, H. J. Chen, H. P. Zhou, Q. Chen, Y. S. Liu, N. De Marco, Y. Yang, Improved air 

stability of perovskite solar cells via solution-processed metal oxide transport layer, Nat. 

Nanotechnol. 11 (2016) 75-81 

104) Z. Y. Liu, B. Sun, T. L. Shi, Z. R. Tang, G. L. Liao, Enhanced photovoltaic 

performance and stability of carbon counter electrode based perovskite solar cells 

encapsulated by PDMS, J. Mater. Chem. A 4 (2016) 10700-10709. 

105) S. N. Habisreutinger, T. Leijtens, G. E. Eperon, S. D. Stranks, R. J. Nicholas, H. J. 

Snaith, Carbon Nanotube/Polymer Composites as a Highly Stable Hole Collection 

Layer in Perovskite Solar Cells, Nano Lett., 14 (10) (2014),  5561ï5568. 

106) A. B. Djurisic, F. Z. Liu, H. W. Tam, M. K. Wong, A. Ng, C. Surya, W. Chen, Z. 

B. He, Perovskite solar cells- an overview of critical issues, Progress in Quantum 

Electronics, 53 (2017) 1-37. 

http://pubs.acs.org/author/Habisreutinger%2C+Severin+N
http://pubs.acs.org/author/Leijtens%2C+Tomas
http://pubs.acs.org/author/Eperon%2C+Giles+E
http://pubs.acs.org/author/Stranks%2C+Samuel+D
http://pubs.acs.org/author/Nicholas%2C+Robin+J
http://pubs.acs.org/author/Snaith%2C+Henry+J
http://pubs.acs.org/author/Snaith%2C+Henry+J


41 
 

107) J. H. Noh, S. H. Im, J. H. Heo, T. N. Mandal and S. I. Seok, Chemical 

Management for Colorful, Efficient, and Stable InorganicīOrganic Hybrid 

Nanostructured Solar CellsNano Lett., 13 (2013), 1764ï1769. 

108) T. Leijtens, G. E.  Eperon, N. K. Noel, S. N. Habisreutinger, A. Petrozza, H. J. 

Snaith, Stability of metal halide perovskite solar cells, Adv. Energy Mater. 5 (2015) 

1500963. 

109) R. G. Niemann, L. Gouda, J. G. Hu, S. Tirosh, R. Gottesman, P. J. Cameron, A. 

Zaban, Cs
+
 incorporation into CH3NH3PbI3 perovskite: Substitution limit and stability 

enhancement, J. Mater. Chem. A 4 (2016) 17819-17827. 

110) Q. D. Tai, P. You, H. Q. Sang, Z. K. Liu, C. L. Hu, H. L. W. Chan, F. Yan,  

Efficient and stable perovskite solar cells prepared in ambient air irrespective of the 

humidity, Nat. Commun., 7 (2016) 381-387. 

111) I. C. Smith, E. T. Hoke, D. Solis-Ibarra, M. D. McGehee and H. I. Karunadasa, A 

Layered Hybrid Perovskite Solar-Cell Absorber with Enhanced Moisture Stability 

Angew. Chem., Int. Ed., 2014, 53, 11232ï 11235. 

112) T.-B. Song, T. Yokoyama, S. Aramaki, M. G. Kanatzidis, Performance 

Enhancement of Lead-Free Tin Based Perovskite Solar Cells with Reducing 

Atmosphere-Assisted Dispersible Additive, ACS Energy Lett. 2 (2017), 897ī903. 

113) X. P. Chen, S. Xiang, H.-J. Gong, X.-G. Wei, S.-H. Influence of Defects and 

Synthesis Conditions on the Photovoltaic Performance of Perovskite Semiconductor 

CsSnI3. Chem. Mater. 26 (2014), 6068ī 6072. 

114) T. Yokoyama, T.-B. Song, D. H. Cao, C. C. Stoumpos, S. Aramaki, M. G. 

Kanatzidis, The Origin of Lower Hole Carrier Concentration in Methylammonium Tin 

Halide Films Grown by Vapor-Assisted Solution Process. ACS Energy Lett. 2 (2017) 

22ī28. 

115) B. Hailegnaw, S. Kirmayer, E. Edri, G. Hodes, D. Cahen, Rain on 

methylammonium lead iodide based perovskites: Possible environmental effects of 

perovskite solar cells, J. Phys, Chem. Lett. 6 (2015) 1543-1547. 



42 
 

116) S. T. Williams, A. Rajagopal, C.-C. Chueh, A. K. ïY. Jen, Current Challenges and 

Prospective Research for Upscaling Hybrid Perovskite Photovoltaics, J. Phys. Chem. 

Lett. 7 (2016) 811-819. 

117) H. J. Snaith, A. Abate, J. M. Ball, G. E. Eperon, T. Leijtens, N. K. Noel, S. D. 

Stranks, J. T. ïW. Wang, K. Wojciechoeski, W. Zhang, Anomalous Hysteresis in 

Perovskite Solar Cells, J. Phys. Chem. Lett. 5 (2014), 1511-1515. 

118) H. ïS. Kim, N. ïG. Park, Parameters Affecting IïV Hysteresis of CH3NH3PbI3 

Perovskite Solar Cells: Effects of Perovskite Crystal Size and Mesoporous TiO2 Layer, 

J. Phys. Chem. Lett. 5 (2014) 2927-2934. 

119) J. You, Z. Hong, Y. Yang, Q. Chen, M. Cai, T. B. Song, C. C. Cheng, S. Lu, Y. 

Liu, H. Zhou, Y. Yang, Low-temperature solution-processed perovskite solar cells with 

high efficiency and flexibility. ACS Nano 8 (2014) 1674-1680. 

120) J. You, L. Meng, T. B. Song, T. F. Guo, Y. Yang, W. H. Chang, Z. Hong, H. Chen, 

H. Zhou, Q. Chen, Y. Liu, N. De Marco, Y. Yang, Improved air-stability of perovskite 

solar cells via solution-processed metal oxide transport layers. Nat. Nanotechnol., 11 

(2016) 75-81 

121) Y. Shao, Z. Xiao, C. Bi, Y. Yuan, J. S. Huang, Origin and elimination of 

photocurrent hysteresis by fullerene passivation in CH3NH3PbI3 planar hetero-junction 

solar cells. Nat. Commun. 5 (2014), 5784. 

122) S. D. Stranks, H. J. Snaith, Metal-halide perovskites for photovoltaic and light-

emitting devices. Nat. Nanotechnol. 10 (2015), 391ī402. 

123) J. Xu, A. Buin, A. Ip, H. Li, W. Voznyy, O. Comin, R. Yuan, M. Jeon, S. Ning, Z. 

Mcdowell, J. Kanjanaboos, P. Sun, J. Lan, X. Quan, L. Kim, D. H. Hill, I. G. 

Maksymovych, P. Sargent, E. H. Perovskiteī fullerene hybrid materials suppress 

hysteresis in planar diodes. Nat. Commun. 6 (2015), 7081. 

124) M. D Bastiani, M. Binda, M. Gandini, J. Ball, A. Petrozza, Charge extraction layer 

investigation for high efficiency and hysteresis-less organo lead halide perovksite solar 

cell, Proceedings of the MRS Spring Meeting C4.04, (2015). 



43 
 

Chapter 2  

Experimental Methods and Characterization  

2.1 Materials and reagents 

Methylammonium iodide (CH3NH3I) was synthesized in accordance with the reported 

procedures [1]. Fluorine-doped tin oxide (FTO) glass substrates (sheet resistance: 12 

ɋ/sq.) were purchased from Asahi Glass. Semico-Clean, acetone, isopropanol, tungsten 

hexachloride (WCl6; Ó99.9%, Sigma-Aldrich), titanium(IV)isopropoxide(99.0%), 

ethanol, acetonitrile, dichlorobenzene, dimethyformamide (DMF) (Sigma-Aldrich, 

99.8%), N-methyl-2-pyrrolidone (NMP; >99%, Sigma-Aldrich), ɔ-butyrolactone (GBL; 

>98.5%, Sigma-Aldrich), anhydrous diethyl ether (DEE; >99.0%, Sigma-Aldrich), 

dimethyl sulfoxide (DMSO; 99.0%, Wako), fullerene C60 (>99%, Jilin OLED Material), 

2,2',7,7'-tetrakis(N,N-di-p-methoxyphenylamine)-9,9'-spirobifluorene (Spiro-OMeTAD), 

and PbI2 (99.0 %, Sigma-Aldrich) were used without further treatment. 

 

2.2 Fabrication of perovskite solar cells 

In this study, the n-i-p planar structure (see section 1.3.7 of chapter 1) was used for the 

fabrication of perovskite solar cells (PSCs). The entire process except for the deposition 

of back contact electrode (Au) was carried out by solution process under ambient air 

condition. In this section, I will mention the fabrication steps of PSCs. 

 

2.2.1 Preparation of working electrode 

Fig. 2.1a shows the schematic diagram of the patterned FTO glass substrate. While Fig. 

2.1b presents the ultraviolet (UV) ozone treatment equipment. In this thesis, FTO glass 

substrates were used as the substrate. It was patterned by etching with hydrochloric acid 

(HCl) and zinc powder and sequentially cleaned with Semico-Clean, ultrahigh purifi ed 

water, acetone, and isopropanol. The cleaned FTO glass substrate was transferred into 

the chamber of the UV ozone cleaner (Nippon Laser and Electronics (NLE-UV253)). 

The chamber was purged by O2 at 0.2 MPa for 1 min then treated with UV-light for 15 

min.  After the UV ozone treatment, the chamber was purged by 0.2 MPa N2 for 1 min 

to eliminate the remaining ozone [2]. 
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Fig. 2.1 Schematic diagram showing the patterned FTO glass substrate, (b) UV-Ozone 

treatment equipment [2]. 

 

2.2.2 Deposition of compact TiO 2  as an electron transport layer 

Fig. 2.2a shows the chemical structure of titanium(IV) isopropoxide (TTIP). Fig. 2.2b  

describes the fabrication process of the compact TiO2 electron transport layer (ETL). 

The compact TiO2 ETL was prepared by spin-coating a solution of TTIP (1.5 ml) in 

ethanol (10 ml) and HCl (0.1 ml) onto the cleaned FTO substrates at 3000 rpm for the 

20s to form an approximately 50-nm-thick layer. All the samples were moved onto a hot 

plate and kept at 125 ̄C for 20 min and then sintered at 500 C̄ for 30 min (Fig. 2.2b). 

 

 

 

 

 

 

 

 

 

Fig. 2.2 (a) Chemical structure of titanium(IV) isopropoxide. (b) Schematic illustration 

of the fabrication of compact TiO2 layer. 
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